Objective: A decline of skeletal muscle mass and strength is seen with aging and immobilization. Growth hormone (GH) has been shown to increase muscle mass. In the present study the effects of a combination of mild exercise and GH on skeletal musculature tetanic tension, dry defatted weight (DDW), volume, water, fat and collagen concentrations were investigated in old rats. Design: Recombinant human GH (2.7 mg/kg per day) was injected subcutaneously for 73 days in 21-month-old female rats. Exercised rats ran on a treadmill, 8 m/min for 1 h/day. The in vivo maximal tetanic tension of the calf musculature (m. soleus, m. plantaris, m. gastrocnemius together) was analysed in anaesthetized rats by stimulating the ischiadic nerve. Results: The maximal tetanic tension was increased by 23% in GH-injected compared to saline-injected rats. Mild exercise GH in combination resulted in a further 18% increase in maximal tetanic tension. The mild exercise by itself did not in¯uence the maximal tetanic tension signi®cantly when compared with saline injected rats. The GH administration and/or mild exercise did not change skeletal muscle endurance, measured as tetanic tension during 30 s of stimulation. Serum IGF-I concentration was increased twofold in GH-injected rats. Conclusion: The increased muscle mass induced by GH mild exercise was associated with a corresponding increase in maximal tetanic tension. Combination of GH mild exercise resulted in a substantial further increase of muscle mass and maximal tension compared with GH injections alone in these old rats.
Introduction
Weakening of skeletal musculature in relation to aging and immobilization has become a major health problem, especially the often fatal interaction between muscle weakness and osteoporosis. Growth hormone (GH) administration may have anabolic effects on both skeletal musculature and bone in humans (1) . In old subjects, GH increased muscle mass and strength, but did not restore the rate of myo®brillar protein synthesis (2) . In animal studies higher doses of GH and two injections per day of GH have been shown to increase both muscle mass and bone mass markedly in old rats (3) , but it has not been investigated whether the increase in muscle mass after GH administration is associated with a corresponding increase in muscle strength. GH has pronounced effects on skeletal muscle cell proliferation and growth (4, 5) and the skeletal muscle ®ber types do not change in GH-injected rats (6) . Furthermore, there seems to be an interaction on muscle mass when GH administration is combined with exercise (7) . The decrease in protein synthesis in m. gastrocnemius seen after hindlimb suspension of rats was reduced when GH administration and exercise were combined, but no effect was seen with either GH administration or exercise alone (8) . In some human studies, however, GH exercise was no more effective than exercise without GH supplementation at increasing muscle mass and maximal voluntary muscle strength (9±11). No increase in the rate of muscle protein synthesis of weight lifters (12) , and no changes in muscle tissue GH receptor-, insulin-like growth factor-I (IGF-I)-, or IGF-I receptor mRNA of exercising elderly men were found after treatment with GH (13) . Therefore, further studies are required to clarify the interaction between GH administration and exercise on muscle strength.
The aim of this study was to investigate the effect of GH administration in old rats. The primary aim was to investigate whether the expected increase in muscle mass was associated with changes in muscle strength. The effect of combining GH with mild exercise was also studied.
Materials and methods
The study was approved by the Danish Animal Experimental Inspectorate. Seventy-three female Wistar rats, 18 months old, were randomly divided into ®ve groups, with 14±15 rats in each group. The start control group (Group 1) was killed at the beginning of the experiment. Groups 2±5 were all injected twice daily in the nape of the neck for 73 days, Groups 2 and 3 with isotonic sodium chloride and Groups 4 and 5 with recombinant human GH (Norditropin; Novo Nordisk A/S, Gentofte, Denmark, speci®city 1 mg 3IU) at a dose of 2.7 mg/kg per day. Furthermore, Groups 3 and 5 were exercised mildly on a treadmill (5 days a week, 1 h/day, 8 m/min). The rats were caged separately under conditions of 12 h light:12 h dark and had free access to tap water and pellet food.
Based on Klitgaard et al. (14) , the in vivo maximal tetanic tension and time course of the tetanic tension of m. soleus, m. plantaris and m. gastrocnemius together were studied in anaesthetized rats (pentobarbital 60 mg/kg i. p. ). The proximal end of the three muscles was ®xed by a 0.7 mm steel wire (Dentarum, nr 528-070-00, Scanorto, Hellerup, Denmark) through a 1-mm transversal canal drilled through the center of the femur epicondyles. The tendons of the three muscles were ®xed with a pean to help retain their natural in situ length, and the calcaneus was then cut and the distal end of the tendons clamped and ®xed to the moveable crosshead of a materials testing machine. The femur epicondyles were ®xed by the steel wire to the strain gauge of the materials testing machine (TCT5, Lorentzen & Wettre, Stockholm, Sweden). The isometric muscle tension was measured continuously by means of a load strain gauge and a measuring bridge, and the direct signal fed to an X-t recorder (Philips PM 8272, XYt recorder).
The muscles were stimulated to contraction through the n. ischiadicus on the back of the thigh. The electrical stimuli were given through steel electrodes (diameter 1.2 mm, electrode distance 1 mm) which were connected to a stimulator (Anapulse stimulator, model 302-T, W-P Instruments, New Haven, CT, USA). The electrodes were isolated from the surrounding tissue with para®lm (American National Can/Greenwich, USA) to avoid activation of adjacent muscles and nerves. During the experiment the rats were placed on a small electric blanket to maintain a constant body temperature.
At the beginning of the experiment the muscles were strained to a tension of 4 N. The ®rst two stimulations (single) were 30 V for 4 ms, and were given to con®rm that the location of the electrodes was correct. The next two stimulations were of 1 s duration at 30 V, with an impulse duration of 4 ms and a frequency of 100 Hz, resulting in maximal tetanic contraction. The last stimulation was of 30 s duration at 30 V, impulse duration of 4 ms and a frequency 100 Hz. The maximal tetanic tension was de®ned as the mean value of the maximal tetanic tension obtained in the last three contractions. The endurance of the muscles was studied by following the time course of the tetanic tension during the 30 seconds of stimulation.
Preliminary studies showed no difference in muscle twitch tension at pre-strain values between 3 and 5 N and therefore, we chose a muscle tension level of 4 N. Concerning voltage levels, the muscle twitch tension was signi®cantly lower at 7.5 V compared with higher voltage levels. No difference was observed between muscle twitch tensions induced at 15±95 V. We chose 30 V to obtain the maximal stimulation level. Furthermore, preliminary studies showed no difference in the muscle twitch tension of the right and left leg of the animals.
The anaesthetized rats were killed by exsanguination. Five muscles were dissected free from the right hind leg: m. soleus; m. plantaris; m. gastrocnemius; m. tibialis anterior; and m. extensor digitorum longus, listed according to their relative content of type I ®bers (15) . The wet weight (WW) of each of the ®ve muscles was measured immediately after removal. The muscles were placed into a Ringer's solution and submitted to vacuum (200 torr) for 10 min in a rotary evaporation system (Hetovac; Heto, Allerùd, Denmark) in order to remove trapped air bubbles. The muscle weight when submerged in Ringer's solution was recorded (mS).
The muscle volume (V) was calculated from the equation V (WW-mS)/rH 2 O, where rH 2 O is the density of water. The muscles were then freeze-dried for 7 days and weighed (dry weight DW). The water content was calculated as WW-DW. The muscles were defatted for 7 days in three changes of acetone, freezedried for 3 days and weighed to give the dry defatted weight (DDW). The muscle density was calculated as DDW/V. The tibia bone length was measured from facies articularis condylus medialis to facies articularis inferior with a sliding caliper.
Determination of hydroxyproline
The tendons and aponeuroses were removed from the muscles using a scalpel. Biopsies (2´2´2 mm) were cut from each of four muscles (m. soleus, m. plantaris, m. tibialis anterior and m. extensor digitorum longus) defatted, freeze-dried, weighed and hydrolysed in 6 M HCl for determination of the concentration of hydroxyproline (16) .
Determination of IGF-I
Total serum IGF-I was measured by a RIA technique according to Flyvbjerg & érskov (17) .
Statistical analyses
For analysis of differences between the groups, the Kruskal±Wallis test was used, and in cases where differences occurred, the Mann±Whitney U-test was applied (18) . P < 0.05 (two-tailed) was considered statistically signi®cant.
Results
The effects of GH administration GH administration for 73 days increased the body weight (43%) of the rats compared to the saline-injected group (Fig. 1a) . Serum IGF-I was increased twofold gastrocnemius from old rats. Mean values with S.E.M. are given for the start control group, groups injected with saline, exercised, injected with growth hormone (GH), and exercised+injected with GH daily for 73 days. Exercised groups are delineated by hatched bars, and groups without exercise by open bars. aa, P # 0.01 against start control; bb, P # 0.01; B, P # 0.001 against saline; DD, P # 0.0001 against exercise; cc, P # 0.01 against GH alone.
compared to the saline control group (Fig. 1b) . The muscle mass (measured as DDW) and volume was increased in the group administered GH (25±50%) compared with the saline-injected group (Fig. 2 , Table 1 ). The tibia length was increased by 6% compared with the saline-injected group ( Table 2) . The relative content of fat was reduced in all muscles from GH-treated rats compared to those treated with saline. On the other hand, the relative water content in the muscles was increased in the ®ve muscles, but not signi®cantly in m. tibialis anterior in GH-injected rats compared to saline-injected rats. The muscle density calculated as DDW/volume did not show any difference between the GH-injected and the saline-injected rats ( Table 1 ). The hydroxyproline concentration was increased in m. extensor digitorum longus in the GHinjected group; however, the hydroxyproline concentration in the m. soleus, m. plantaris and m. tibialis anterior was not signi®cantly different from the saline-injected rats ( Table 3) .
The maximal tetanic tension of m. plantaris, m. soleus and m. gastrocnemius together was increased by 23% in the GH-injected group compared to the saline-injected group (Fig. 3a, Saline, Saline injections; GH, Growth hormone injections; Density, Dry defatted weight/Volume a, P < 0:05; aa, P < 0:01. A, P < 0:001, against the Start control group b, P < 0:05; bb, P < 0:01. B, P < 0:001, against the Saline group c, P < 0:05; cc, P < 0:01. C, P < 0:001, against the GH group d, P < 0:05; dd, P < 0:01. D, P < 0:001, against the Saline exercise group 
The effect of exercise
No difference was observed in the body weight of the exercised and the saline-injected groups (Fig. 1a) . Serum IGF-I was not changed signi®cantly compared to the saline group (Fig. 1b) . The volume and DDW of the m. soleus increased by 15% and 11% in the exercised group compared to the saline group; the exercised group showed no other changes in volume and DDW compared to the saline-injected group (Table 1) . No difference in the tibia length of the exercised and the saline-injected group was seen ( Table 2 ). The relative content of fat in m. tibialis anterior was decreased in the exercised group versus the saline-injected group. In the other four muscles no signi®cant changes were seen. No difference in the relative water content and the muscle density between the exercised group and the saline-injected group was observed ( Table 1 ). The hydroxyproline concentration of m. soleus was increased after the 73 days of exercise compared with the saline-injected group (Table 3) .
There was no difference in maximal tetanic tension in the exercised rats compared to the saline-injected rats. No difference was seen in maximal tetanic tension/mg DDW or tetanic tension during 30 s of stimulation in the exercised and the saline-injected groups (Figs 3 and 4 , Tables 2 and 4).
The effects of GH administration and exercise in combination
The ®nal body weight and serum IGF-I of the GHinjected group and the GH-injected exercised group were not different (Fig. 1) . The volume and DDW of m. soleus and m. gastrocnemius were signi®cantly increased (15±20%) in the GH-injected exercise rats versus the rats injected with GH alone (Fig. 2) . No signi®cant difference was seen in the muscle volume and DDW of m. tibialis anterior, m. extensor digitorum longus and m. plantaris (Table 1) . There was no difference in the length of tibia (Table 2) , the relative water content and the muscle density. A decrease in the relative fat content of the GH-injected exercised rats Saline, Saline injections; GH, Growth hormone injections a, P < 0:05; aa, P < 0:01; A, P < 0:001, against the Start control group b, P < 0:05; B, P < 0:001, against the Saline group c, P < 0:05; cc, P < 0:01, against the GH group d, P < 0:05; P < 0:001, against the Saline exercise group Saline, Saline injections; GH, Growth hormone injections a, P < 0:05; aa, P < 0:01; A, P < 0:001, against the Start control group b, P < 0:05; bb, P < 0:01, against the Saline group c, P < 0:05; against the GH group d, P < 0:05; D, P < 0:001, against the Saline exercise group compared with GH-injections alone was seen in m. gastrocnemius. The four other muscles did not differ from those in the GH group (Table 1) . There was a decrease in the hydroxyproline concentration in the m. extensor digitorum longus (Table 3) .
The maximal tetanic tension was 18% higher in the GH-injected exercised group compared to the group injected with GH alone. A clear correlation was found between the maximum tetanic tension and DDW of the calf musculature (Fig. 5 , r 0.80, P < 0.00001). A positive correlation was also observed between the DDW of the calf musculature and the body weight of the rats (r 0.80, P < 0.0001).
No difference was seen in maximal tetanic tension/ mg DDW or tetanic tension during 30 s of stimulation ( Figs 3 and 4, Tables 2 and 4) .
Differences between the start control and the saline-injected group
The serum IGF-I concentration was slightly reduced in the older saline-injected rats compared with the start control rats (Fig. 1b) , and the muscle volume and DDW were decreased (6±14%) in the saline-injected group compared to the start control group (Fig. 2) .
The maximal tetanic tension decreased by 17% in the saline-injected group compared to the start control. No difference was found in the maximal tetanic tension/mg DDW or time course of the tetanic tension ( Figs 3 and 4 , Tables 2 and 4).
Discussion
In these old female rats, GH administration increased the DDW and volume of skeletal muscles proportionately with the increase in body weight. Likewise, the maximal tetanic tension of the skeletal musculature increased proportionately to the increase in muscle mass in GH-injected rats; however, the muscle endurance (measured as tetanic tension during 30 s of stimulation) was unchanged after GH administration. The combination of GH administration exercise resulted in a further increase in the muscle mass of m. soleus and m. gastrocnemius compared to the rats injected with GH alone, but no signi®cant increase in muscle mass for m. tibialis anterior, m. extensor digitorum longus and m. plantaris. The maximal tetanic tension of the calf musculature was correspondingly higher in the GH-injected exercised group than in the group injected with GH alone. Interactive effects of GH administration and exercise have been demonstrated on skeletal muscle mass; while exercise alone had minimal effects in maintaining the mass of unloaded muscles in hypophysectomized rats, there was a strong interaction effect of exercise and GH in combination, increasing muscle mass (7) . In agreement with this, the combination of GH injections and exercise on hind limb suspended rats had greater effects on muscle protein synthesis than GH or exercise alone, and the loss of myo®brillar proteins was counteracted (8) . Furthermore, GH/IGF-I and brief bouts of muscle loading have shown interactive effects in attenuating the loss of myonuclei induced by hindlimb suspension in rats (19) , and ameliorates the apoptosis associated with hind limb unloading (20) .
During the 73-day experimental period, the muscle mass of the saline-injected rats decreased signi®cantly in 4 of 5 muscles, probably re¯ecting aging. The maximal tetanic tension decreased by 17% compared with the start control group. This is in agreement with the ®ndings of previous investigations in old rats (14, 21, 22) . We found no changes in maximal tetanic tension/mg DDW, indicating that the reduced tetanic force in the saline-injected group compared to the start control group was related to the decrease in muscle mass. A slight reduction in the total number of muscle ®bers was found in old rats (21) . Another study (23) showed atrophy with aging of weight-bearing muscles containing type II ®bers. Likewise, the decrease in muscle type IIA ®bers with aging was found in humans (24) . The close relationship between reduced muscle strength and reduced muscle mass in aging has been demonstrated in several studies (25, 26) . The decrease in muscle mass has been associated with the decline in activity of the GH/IGF-I axis (1, 27) .
Mild treadmill exercise was used in the present study as this mode of exercise could be applied similarly to a large number of rats. The mild exercise did not prevent the decrease in muscle mass and decrease in maximal tetanic tension except in m. soleus, which maintained its weight and volume. This is in agreement with other studies which have shown that training regimens may increase type I muscle mass, but not type II, in old rats (28, 29) , and increase the mitotic activity of satellite cells (30) . Exercise may stimulate release of growth hormone (31, 32) . Life-long physical training of rats resulted in increased concentration of the basement membrane collagens of skeletal muscles and preservation of muscle ®ber type I (33) .
The hydroxyproline concentration of m. extensor digitorum longus in the GH-injected rats was increased, in agreement with értoft et al. (34) .
The fat content of all calf skeletal muscles was markedly reduced in GH-injected rats. This is in agreement with several studies in humans demonstrating a decrease in the total fat content of the body after GH administration (1) . The water content in all muscles was higher in GH-injected rats than in salineinjected rats, but only in 3 of 5 muscles was a signi®cant increase observed. The density (mg DDW/mm 3 ) was not in¯uenced by GH administration, indicating that the quantity of contractile proteins per unit volume was not changed. The muscular density was highest in the m. gastrocnemius and lowest in the m. soleus.
Usually the values of maximal tetanic tension are normalized to the cross-sectional area of the muscles (14, 35, 36) . In the present study the cross-sectional area (as measured from histological sections) was not used for the normalization. GH injections induce pronounced alterations in muscle fat and water content of rats, which may in¯uence the ®xation of the muscular tissue, and certainly in¯uence the measurement of the cross-sectional area of histological sections. We chose to measure the DDW, water content, fat content, volume of each muscle and the muscle density in order to determine the magnitude of these parameters. The DDW of the calf musculature was used for normalization of the maximal tetanic tension values, because the DDW re¯ects the skeletal muscle contractile proteins, and is independent of differences in fat and water content. Concerning maximal tetanic tension/mg DDW of the calf musculature, no difference between the groups was found, indicating that increases in DDW of the musculature induced by exercise and/or GH was closely associated with increased maximal tetanic tension. Maximal tetanic muscle tension/mg dry weight of the calf musculature expresses the ability of maximal tetanic muscle tension of the musculature regardless of muscle mass. In a previous experiment, (3), we found that GH induces an increase in the skeletal muscle mass of old Wistar rats. In the present study, we found that the maximal tetanic muscle tension increased correspondingly.
There was a systemic effect of the GH administration; the serum IGF-I concentration was increased twofold, the body weight of the rats was increased by 43%, the DDW and volume of the muscles were increased by 25± 50% compared to the saline-injected group, and the tibia lengths were increased by 6%. These ®ndings are in agreement with those of Cartee et al. (37) . The maximal tetanic tension of the calf musculature was increased by 23% in the GH-injected rats corresponding to the increase in DDW. When GH and mild exercise were combined no further increase in body weight was observed. The DDW of the muscles was, however, increased by 41%, and the maximal tetanic tension was increased by 44%. Therefore, the GH administration induced a certain growth of the musculoskeletal system in these old rats. Exercise alone increased the muscle mass by 4% and maximal tetanic tension by 5%, but these values were not statistically signi®cant. When the exercise was combined with GH, a substantial signi®cant increase in muscle mass and muscle force was seen. The exercise procedure had to be mild in order to avoid stressing the rats and to ensure that they followed the exercise regimen.
Intense exercise and handling alone may result in a reduced GH secretion (38, 39) . In the present study, the exercise procedure was rather mild and care was taken to avoid stressing the rats. The rats became tame and did not dislike the exercise. The exercise procedure did not change the concentration of serum IGF-I compared with the saline control group. The synergy of the effects of GH and exercise on muscle mass and maximal tetanic tension in the present study may be explained by exercise activating the muscle IGF-I pathway locally, acting in association with the systemic pathway of GH administration, even if exercise and handling of the rats have resulted in reduced GH secretion in other studies (38, 39) . In adult rats there is low expression of IGF-I in skeletal muscles. After injury, however, the regeneration process is accompanied by marked increases in the levels of extracted IGF-I mRNA, and in situ hybridization studies on tissue sections show that IGF-I mRNA is expressed by regenerating muscle cells (40) . Furthermore, IGF-I receptors are expressed in regenerating muscle cells (41) . In hypophysectomized animals, high levels of IGF-I mRNA are also expressed after injury, indicating that IGF-I expression after skeletal muscle injury may be independent of GH (40) . Therefore, IGF-I seems to be involved in muscle regeneration and growth, and IGF-I produced locally in¯uences muscle cell growth via autocrine and paracrine mechanisms in concert with systemic IGF-I. The studies of Zanconato et al. (42) suggest that exercise results in both GHdependent increases in IGF-I mRNA in the liver and GHindependent increases locally in the muscles. In old mice, exercise increased the IGF-I receptor-binding capacity and af®nity and stimulated protein synthesis (43) , and adenoviral delivery of the IGF-I gene to skeletal muscles has been shown to increase muscle mass in old mice (44) .
Rats injected with recombinant human GH develop antibodies after 23 days, as shown by Jùrgensen et al. (45) . The presence of antibodies does not, however, neutralize the GH or block the stimulating effects of GH on body weight gain, increase in serum IGF-I, or anabolic effects on bone and skeletal muscles.
In conclusion, we found that the increased muscle mass observed after GH injection is associated with a corresponding increase in maximal tetanic tension. The combination of GH injections mild exercise increases the muscle mass and the maximal tetanic tension to a greater extent that GH injections and exercise alone.
